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Graphene hydrophobic coatings paved the way
towards a new generation of optoelectronic and
fluidic devices. Nevertheless, such hydrophobic
thin films rely only on graphene non-polar sur-
face, rather than taking advantage of its surface
roughness. Furthermore, graphene is typically
not self-standing. Differently, carbon aerogels
have high porosity, large effective surface area
due to their surface roughness, and very low mass
density, which make them a promising candidate
as a super-hydrophobic material for novel tech-
nological applications. However, despite a few
works reporting the general super-hydrophobic
and lipophilic behavior of the carbon aerogels, a
detailed characterization of their wetting prop-
erties is still missing, to date. Here, the wet-
ting properties of graphene aerogels are demon-
strated in detail. Without any chemical function-
alization or patterning of their surface, the sam-
ples exhibit a super-lipophilic state and a station-
ary super-hydrophobic state with a contact angle
up to 150± 15◦ and low contact angle hysteresis
≈ 15◦, owing to the fakir effect. In addition, the
adhesion force of the graphene aerogels in con-
tact with the water droplets and their surface
tension are evaluated. For instance, the unique
wettability and enhanced liquid absorption of the
graphene aerogels can be exploited for reducing
contamination from oil spills and chemical leak-
age accidents.
In general, the realization of artificial hydrophobic sur-
faces depends on the material surface chemical com-
position and its morphological structure. Although
the chemical composition is an intrinsic material prop-
erty, it can be engineered to decrease the solid sur-
face tension1, therefore increase the hydrophobicity of
the surface. On the other hand, surface roughness2,3
(micro- and nano-morphology) may also enhance the hy-
drophobicity, particularly by exploiting hierarchical2,4–7
and fractal architectures7,8, that allow the formation of
air pockets to prevent water imbibition. Nonetheless,
the fabrication of a permanent super-hydrophobic sur-
face is a challenging task. Recently, time durability5–7,
chemical9, mechanical10, and thermal stability11 have
been addressed. Among the numerous materials having
the two aforementioned features, graphene offers versatil-
ity, stability, and multi-functionality owing to its unique
optical12 and electronic13 properties, making its usage
widespread in hydrophobic surface realizations14–16.
INTRODUCTION
Graphene is constituted by a sp2 lattice of graphitic
carbon, thus it has a slightly hydrophilic (graphite con-
tact angle ≈ 86◦17) but non-polar surface. Neverthe-
less, surface functionalization and substrate interactions
may be exploited to tailor graphene wetting properties
in a controlled fashion15,16. However, graphene has been
used so far to realize hydrophobic coatings only employ-
ing its non-polar surface, rather than taking advantage
of its surface roughness. Furthermore, graphene is not
self-standing in most application, acting thus as a coat-
ing.
On the other hand, carbon aerogels18–22 are carbon-
based, macroscopic, three-dimensional structures charac-
terized by a randomly crosslinking network of hierarchi-
cal nanostructures and microstructures. Typically, aero-
gels have high porosity, very low mass density, and large
effective surface area due to their hierarchical high sur-
face roughness, which make them a promising candidate
as a super-hydrophobic material for novel technological
applications. Despite a few works19–22 reporting the ob-
servation of a super-hydrophobic and lipophilic behavior
in carbon aerogels, the characterization of the wetting
properties of such a class of materials is still missing, to
date.
Here, we give insight on the wetting properties of
graphene aerogels in detail. In particular, we show that
owing to their particular morphology and high surface
porosity (up to 0.81), our graphene aerogels exhibit a
super-lipophilic state and a stationary super-hydrophobic
state, achieving high apparent contact angle values θ? ≥
150◦, with low contact angle hysteresis1 (CAH) ≈ 15◦,
and high work of adhesion (10 mJ/m2). In addition, we
characterized the graphene aerogel solid surface tension.
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2FIG. 1. Aerographene aerogels morphology. a, Image of a
water droplet cast on a hydrophobic Aerographene aerogel. b,
Representative SEM micrograph of the Aerographene aerogel
surface. Inset, Detail of carbon tetrapods.
RESULTS AND DISCUSSION
The graphene aerogels studied are made of a cellu-
lar material called Aerographene (see Methods). The
samples have a square-shaped surface with a lateral
size L = 2 cm, a thickness d = 0.2 cm, and a mass
m = 5 − 15 mg. A representative sample is reported in
Figure 1a. From the scanning electron microscopy (SEM)
micrograph in Figure 1b, a random network made of
micrometer-sized carbon tetrapods23–25 constituting the
aerogel surface (Figure 1b, inset) can be observed. This
particular shape is due to the precursor ZnO template
employed during the material synthesis. Therefore, such
a highly porous (volume porosity up to ≈ 0.99) system
cannot be considered as an homogeneous solid.
The mass density of the Aerographene aerogels can be
estimated at first approximation by ρ = m/V . However,
this is the total mass density, as aerogels are matter with
a mixed phase of gas and solid. Hence, a better estima-
tion of the solid mass density can be provided by the ef-
fective medium approximation ρ = ρc(1−Φ−) + ρairΦ−,
with Φc + Φ− = 1, where ρc = 2200 kg/m3 and Φc =
Vc/V are respectively the density and the volume frac-
tion of the carbon phase, while ρair = 1.225 kg/m
3 and
Φ− = Vair/V are the density and the volume fraction
of air, respectively. Hence, the effective mass density is
defined as ρeff = ρc(1 − Φ−). Therefore, the aerogel
porous fraction is Φ− = 0.992 − 0.998, leading to an ef-
fective mass density down to ρeff = 5 kg/m
3.
Owing to their random surface morphology, the static
contact angle on porous media can be defined only on
average1. The contact angle of a water droplet cast on a
representative Aerographene aerogel is shown in Figure
2a. We measured a maximum apparent contact angle
θ∗ = 150± 15◦ on our samples, thus the sample is super-
hydrophobic (θ∗ ≥ 150◦). The error on the contact angle
was evaluated by the CAH, that is defined as the differ-
ence between the advancing and receding contact angle
(Figure 2b). Such a low CAH is due to the highly rough
and porous surface of the samples and it is peculiar of
the fakir effect26.
Moreover, we evaluated the work of adhesion of the
aerogel surface in contact with water by the Young-Dupre´
equation1
Wadh = γLV (1 + cos θ
∗). (1)
For the super-hydrophobic sample in Figure 2a, Wadh ≈
10 mJ/m2. Therefore, for a water drop with diameter 1
mm, the adhesion force of the Aerographene aerogel in
contact with the drop is Fadh ≈ 10 µN. For instance, the
obtained result is about 17% lower than the adhesion
force of a single gecko foot-hair27, but 10 times higher
than that of Salvinia leaf28, and compatible with that
reported for carbon nanotube films6.
In order to better understand the wettability of Aero-
graphene aerogels, we characterized their wetting states
with respect to a highly oriented pyrolytic graphite
(HOPG) reference substrate (Bruker). In Figure 2c, we
report the contact angle of the super-hydrophobic aero-
gel and the HOPG as a function of the concentration in
volume of ethanol in water. Since ethanol has a lower
liquid-vapor surface tension (γLV = 22 mN/m) than wa-
ter (γLV = 72 mN/m), the higher the ethanol concentra-
tion, the lower the surface tension of the overall solution.
Generally, the contact angle between a chemically ho-
mogeneous solid surface and a liquid droplet obeys to the
Young relation1
cos θ =
γSV − γSL
γLV
, (2)
where γSV and γSL are the solid-vapor and solid-liquid
surface tensions, respectively. Therefore, the lower the
surface tension of the liquid droplet, the lower the Young
contact angle of the HOPG. This phenomenon is con-
nected to the lipophilicity of the non-polar surface of
carbon-based materials. Indeed, a minimum contact an-
gle (θ = 70◦) can be measured on the HOPG for pure
ethanol droplets (Figure 2c). On the other hand, it was
3FIG. 2. Contact angle measurements. a, Image of a sessile water droplet cast on a super-hydrophobic (θ∗ = 150 ± 15◦)
Aerographene aerogel. b, Contact angle as a function of time by increasing (black dots) and decreasing (red dots) the water
droplet volume cast on the aerogel. The advancing and receding contact angles are marked. c, Contact angles of Aerographene
aerogel (red dots) and HOPG (black dots) as a function of the ethanol volume concentration in water. The black arrow marks
the lipophilic transition point between the Wenzel and Cassie-Baxter regime. d, Wenzel-Cassie-Baxter wetting phase diagram
of the Aerographene aerogel surface with respect to the HOPG surface. Wetting states are studied changing the liquid surface
tension by adding different concentrations in volume of ethanol in water. The fit of Wenzel equation (red solid line) reports
a roughness factor r = 7.6 ± 0.4, while the fits of lipophilic (green solid line) and hydrophobic (blue solid line) Cassie-Baxter
equations report respectively a liquid fraction φ+ = 0.48±0.03 and an air fraction φ− = 0.45±0.02. The Wenzel-Cassie-Baxter
transition point in the hydrophobic regime is the intersection between the red and blue solid lines, while in the lipophilic regime
it is the intersection between the red and green solid lines. Error bars are standard deviations of data measured over different
sample areas.
not possible to measure the aerogel contact angle with
acetone, ethanol, and glycerol because the material in-
stantly and completely absorbed the droplets. Hence, the
Aerographene aerogels are super-lipophilic (θ∗ < 5◦) as
a consequence of their super-hydrophobic behavior. We
further observed that for θ = 77◦, (cos θ∗ = 0.2) there is
an intersection point between the two curves in Figure 2c,
beyond which the aerogel surface becomes more lipophilic
than the graphite surface. That point corresponds to the
transition point from the Wenzel to the Cassie-Baxter
state in the lipophilic regime of the Wenzel-Cassie-Baxter
phase diagram5, as confirmed from the plot (first quad-
rant) in Figure 2d. We fit our data with the lipophilic
Cassie-Baxter equation7,29
cos θ∗ = (1− φ+) cos θ + φ+, 1 = φ+ φ+, (3)
by considering the Aerographene aerogel as a composite
surface with a solid surface fraction φ, a surface frac-
4tion wetted by the liquid φ+, an aerogel contact an-
gle θ∗, and a HOPG Young contact angle θ. We ob-
tained from the fit (green solid line) a liquid fraction
φ+ = 0.48 ± 0.03 in contact with the droplet. We point
out that metastable30 Cassie-Baxter states coexist with
Wenzel states, which are stable as they are lower in sur-
face free energy5. Therefore, we fit our data in Figure 2d
with the Wenzel equation3
cos θ∗ = r cos θ, r ≥ 1, (4)
where r is the roughness factor (i.e, the ratio between the
actual wet surface area and its geometrical projection on
the plane)5. The fit (red solid line) returned r = 7.6±0.4,
meaning that the Aerographene aerogel surface is quite
rough (the root-mean-squared roughness is ≈ 3 µm). In
addition, from Equation 3 and 4 we obtain the relation
cos θ =
φ+
r + φ+ − 1 , (5)
from which we infer that the lipophilic Wenzel/Cassie-
Baxter transition point occurs at cos θ = 0.07 (the inter-
section between the red and green solid lines in Figure
2d), hence confirming that the achieved lipophilic Cassie-
Baxter states are metastable.
On the other hand, in the hydrophobic regime (third
quadrant of the plot) we observe a continuous transition
between the Wenzel and the Cassie-Baxter states beyond
cos θ = 0. Also, the plot depicts that the transition oc-
curs by passing through metastable states extending into
the fourth quadrant, slowing down the dewetting process.
By fitting our data (blue solid line) in Figure 2d with the
hydrophobic Cassie-Baxter equation7,29
cos θ∗ = (1− φ−) cos θ − φ−, 1 = φ+ φ−, (6)
we obtained an air surface fraction φ− = 0.45 ± 0.02
below the liquid droplet. Furthermore, from Equation 6
and 4 we obtain the relation
cos θ =
φ−
1− r − φ− , (7)
from which we infer that the hydrophobic Wenzel/Cassie-
Baxter transition point is at cos θ = −0.07 (the inter-
section between the red and blue solid lines in Figure
2d), thus the maximum hydrophobic Cassie-Baxter state
achieved is not metastable. These results suggest an air
pocket formation. Therefore, we assert that the reason
of the improved hydrophobicity/lipophilicity of the Aero-
graphene aerogel over HOPG, is the fakir effect (high
contact angle and low CAH) induced by the aerogel mi-
crostructure. When the interaction of the surface with
the liquid is hydrophobic, the particular surface mor-
phology promotes the air pocket formation. Otherwise,
when the interaction between the surface and the liquid
is lipophilic, the morphology induces the development of
a precursor liquid film1, improving the wetting behav-
ior of the Aerographene aerogel surface. Furthermore,
FIG. 3. Wetting stability. Stability of the contact angle in the
super-hydrophobic regime over time (black dots). Normalized
radius of the water droplet as a function of the elapsed time
(red squares). R0 is the radius initial value.
in composite rough surfaces, their morphology may favor
a wetting transition from a Wenzel to a Cassie-Baxter
state, due to air trapping5. This transition typically oc-
curs by thermodynamically metastable states30.
In addition, we investigated the stability of the Aero-
graphene aerogel hydrophobicity over time. Figure 3 re-
ports the variations of the contact angle value as a func-
tion of the elapsed time since water was cast on the aero-
gel. In such an experiment, we show that despite the
samples are porous, the contact angle is constant up to
10 min. The slight linear decrease of the droplet radius
in time is only due to the liquid evaporation and not
to the suction by the aerogel, otherwise the contact an-
gle would not be constant in time along with droplet
radius1,7. In addition, we demonstrated a remarkable
stability over several hours of the hydrophobic Cassie-
Baxter state for the Aerographene aerogel (Supplemen-
tary Material). This result is particularly remarkable, as
the water contact angle of other carbon-based surfaces
has been reported to decrease linearly with time, from
an initial value of 146◦ to 0 within 15 min31.
Moreover, we estimated the solid surface tension γSV
of the HOPG substrate (Figure 4a) and the graphene
aerogel (Figure 4b) by the Neumann equation17
log
[
γLV
(
1 + cos θ∗
2
)2]
= log (γSV )−β (γLV − γSV )2 ,
(8)
where γLV is the liquid-vapor surface tension of the dif-
ferent concentrations in volume of ethanol in water and
β is a constant. The fit in the lipophilic regime returns
γSV ≈ 42 mN/m and γSV ≈ 63 mN/m for the HOPG
and the graphene aerogel, respectively.
In summary, we investigated the wetting proper-
ties of graphene aerogels. We demonstrated that
such a material can be in a super-lipophilic, thus
5FIG. 4. Solid surface tension characterization. Neumann
equation in the lipophilic regime as a function of the liquid-
vapor surface tension of different concentrations in volume of
ethanol in water for the HOPG substrate (a) and the graphene
aerogel (b). Red solid curves are quadratic polynomial fits.
super-hydrophobic state that is stationary. The
evaluated adhesion force of the water droplets with
the aerogel is higher than the leaves of aquatic
plants and we estimated the graphene aerogel solid
surface tension. Stationary super-hydrophobic be-
havior of solid surfaces is a relevant property in
a number of natural2 and technological processes32
with several industrial applications such as water-
proof surfaces33, anti-sticking34, anti-contamination4,
self-cleaning32, anti-fouling35, anti-fogging36, low-friction
coatings10, adsorption37, lubrication17, dispersion1, self-
assembly5, and optoelectronic and fluidic devices38,39.
METHODS
Fabrication of the Aerographene aerogels. A
macroscopic (2 × 2 × 0.5 cm) and highly porous (≈
0.94) template consisting of interconnected ceramic ZnO
tetrapods23–25 was infiltrated with an aqueous disper-
sion (2 mg/ml) of electrochemically exfoliated graphene
flakes40. After evaporation of the solvent and self-
assembly of the graphene flakes on the template surface,
the ZnO template was removed by chemical etching in
1M HCl and subsequent critical point drying resulted in
a macroscopic, free-standing random network of hollow,
interconnected carbon tetrapods having a wall thickness
on the order of a few nanometers, length ≈ 20 µm, and
diameter about a few micrometers.
Contact angle measurements. Images of sessile
water drops deposited on Aerographene aerogels were ac-
quired by Dataphysics OCA instrument and analyzed by
its software. In order to estimate the average, maximum,
and minimum contact angle on the aerogel surface, static,
advancing, and receding contact angles1 were measured,
respectively, by increasing and decreasing the volume of
the drop by 1 µL steps. In static contact angle measure-
ments, the volume of the deionized (18.2 MΩcm) water
droplet was V = 15 µL. Every contact angle was mea-
sured 15 s after drop casting to ensure that the droplet
had reached its equilibrium position, and it was aver-
aged over the values obtained in different areas of the
sample surface. Due to the heterogeneous and porous
aerogel surface, we evaluated the error on the contact
angle values by CAH ≈ 15◦. The experimental contact
angle probably corresponds to a lower limit, as the wa-
ter droplet might cause some small dimple on the aerogel
surface. The calculated surface air and liquid fractions
are effective values, as they were determined by macro-
scopic techniques relying on the surface properties of the
material. The liquid-vapor surface tension of the concen-
trations in volume of ethanol in water was measured by
the pendant drop method1.
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